Transmembrane topology of the Acr3 family arsenite transporter from Bacillus subtilis  by Aaltonen, Emil K.J. & Silow, Maria
Available online at www.sciencedirect.com
a 1778 (2008) 963–973
www.elsevier.com/locate/bbamemBiochimica et Biophysica ActTransmembrane topology of the Acr3 family arsenite transporter from
Bacillus subtilis
Emil K.J. Aaltonen, Maria Silow ⁎
Department of Cell and Organism Biology, Lund University, Sölvegatan 35, S-223 62 Lund, Sweden
Received 10 August 2007; received in revised form 14 November 2007; accepted 16 November 2007
Available online 26 December 2007
Abstract
The transmembrane topology of the Acr3 family arsenite transporter Acr3 from Bacillus subtilis was analysed experimentally using
translational fusions with alkaline phosphatase and green fluorescent protein and in silico by topology modelling. Initial topology prediction
resulted in two models with 9 and 10 TM helices respectively. 32 fusion constructs were made between truncated forms of acr3 and the reporter
genes at 17 different sites throughout the acr3 sequence to discriminate between these models. Nine strong reporter protein signals provided
information about the majority of the locations of the cytoplasmic and extracellular loops of Acr3 and showed that both the N- and the C-termini
are located in the cytoplasm. Two ambiguous data points indicated the possibility of an alternative 8 helix topology. This possibility was
investigated using another 10 fusion variants, but no experimental support for the 8 TM topology was obtained. We therefore conclude that Acr3
has 10 transmembrane helices. Overall, the loops which connect the membrane spanning segments are short, with cytoplasmic loops being
somewhat longer than the extracellular loops. The study provides the first ever experimentally derived structural information on a protein of the
Acr3 family which constitutes one of the largest classes of arsenite transporters.
© 2007 Elsevier B.V. All rights reserved.Keywords: Arsenite; Transmembrane topology; Acr3; Translational fusion; Alkaline phosphatase; GFP1. Introduction
Arsenic is a ubiquitous, non-essential semi metal which is
toxic in all forms. Resistance systems towards arsenic therefore
evolved very early and exist in all domains of life. In Bacteria,
Archaea and Fungi four different types of transmembrane
channels or transporters have been identified that constitute the
centrepieces of the arsenic resistance machineries [1–4]. In
Escherichia coli arsenite efflux is mediated by ArsB, in Sinor-
hizobium meliloti arsenite is excreted via the Major Intrinsic
Protein AqpS [4] and in Saccharomyces cerevisiae detoxifica-
tion is achieved by arsenite efflux through Acr3p or through
compartmentalization of glutathione–arsenic adducts into the
vacuole by Ycf1p [1]. The only arsenic transporter which has
been extensively studied in molecular detail is the ArsB proteinAbbreviations: PhoA, Alkaline Phosphatase from E. coli; GFP, Green
Fluorescent Protein; TM, Transmembrane; SCAM, Substituted Cysteine
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doi:10.1016/j.bbamem.2007.11.011from E. coli. Hence, it is known that ArsB has 429 amino acid
residues and belongs to the Major Facilitator superfamily of
transporters [5]. In the absence of its complex partner, ArsA, the
driving force for arsenite pumping in ArsB is the electro-
chemical gradient across the membrane. When ArsA is present,
it hydrolyses ATP and thereby provides the energy to sustain
arsenite transport out of the cell [6]. Similar to other Major
Facilitator transporters [7], ArsB has a membrane topology with
12 transmembrane (TM) helices [8].
Arsenite efflux in Bacillus subtilis is mediated mainly by a
membrane spanning transporter (forthwith denoted Acr3) which
is more closely related to the Acr3 family of arsenic transporters
found in S. cerevisiae than to the bacterial ArsB from E. coli
[3]. B. subtilis Acr3 is smaller than ArsB and contains only 346
amino acid residues [3]. On the sequence level ArsB and Acr3
are unrelated. In a recent study, Billard and co-workers
determined the prevalence of different types of bacterial
arsenite transporters in samples from arsenic contaminated
and non-contaminated soil [9]. The study showed that, in
contrast to what was previously thought, arsenite transporters of
Table 1
Primers used in this work
Primer Sequence (5′ to 3′) Restriction
sites
ephoA_up ATACTCGAGCCGGACACCAGAAATG XhoI
vphoa_down ATTGGTACCTTATTTCAGCCCCAG KpnI
GFP_up ATACTCGAGCATGAGTAAAGGAGAAG XhoI
GFP_down ATTGGTACCCCTACTCAAGCTTGCATG KpnI
arsBint ATTGCAGGAATGGTGACACG
V184up CGGGCCATGGAACGTTTATCT NcoI
T38 TTTACCTCGAGTGTAATTTGTTTAATCC XhoI
T77 ATCGCCTCGAGAACACTTTAATATCTTT XhoI
T104 ATTATCTCGAGGGTTTATCTGGCAAAAA XhoI
T139 TATTACTCGAGAATCCTGCCGCGTATTC XhoI
T149 ATCGCCTCGAGAACATTTGGAAAATTGAGTT XhoI
T177 ATCTTCTCGAGATCGTAATATTCACTAC XhoI
T189 ATCGCCTCGAGAAAAGGTAAATGAATACTGA XhoI
T199 ATCGCCTCGAGAATGTCACCATTCCTGCAAT XhoI
T204 ATCGCCTCGAGAATACAAAAATATAACGTG XhoI
T212 ATCGCCTCGAGAAATACCATTCTTTGCCCTT XhoI
T215 ATCTTCTCGAGAACACTTTTTCATACCA XhoI
T240 ATCGCCTCGAGAAACCTTTTAAGGAAAACAT XhoI
T250 ATCTTCTCGAGACAACATCTAACGGCA XhoI
T252 ATCTTCTCGAGACTCGGACAACATCTAA XhoI
T273 ATCTCCTCGAGTTCTTCCCTAAAAAGAA XhoI
T279 ATCGCCTCGAGAAATAGTTTGCCCCGATTTT XhoI
T284 ATCTCCTCGAGAAAGTAGTAGTTACAGC XhoI
T296 TAAATCTCGAGGCTAATTCAAAGTTAT XhoI
T307 ATCGCCTCGAGAAAATTCCAAATACACCAAC XhoI
T311 TAAATCTCGAGGCTGCACCCGAATGAT XhoI
T327 ATTTACTCGAGGCTATCATGACTGGCAC XhoI
T346 ATTTACTCGAGATCGAGTGACTTCC XhoI
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ArsB type. This observation is paralleled also by data from
sequencing of bacterial genomes which suggest a more
widespread distribution of the Acr3 proteins than of the ArsB
proteins. To date however, no mechanistic data is available on
any member of the Acr3 family. In order to be able to rationally
study the function of a transport protein it is important to have a
basic understanding of the structure of the transporter. One way
to obtain this information is to determine the structure by X-ray
crystallography. Unfortunately, this requires the presence of
well diffracting crystals which are notoriously difficult to obtain
for membrane proteins. Another way to gain basic structural
information of a membrane protein is to analyse the
transmembrane topology. This can be done by constructing a
series of translational fusions between truncated forms of the
membrane protein and reporter proteins which are active only at
one specific side of the membrane [10]. In this study we have
determined the topology of B. subtilis Acr3 by constructing a
total of 42 translational fusions between truncated forms of
Acr3 and the reporter proteins alkaline phosphatase (PhoA) and
Green Fluorescent Protein (GFP) at 22 different points in the
amino acid sequence of the protein. The results of the study
provide the first experimental information to date on the
structure of an Acr3 family arsenite transporter. Based on the
experimental data we propose a common topological model for
Acr3 proteins from different organisms which will serve as a
basis for subsequent mechanistic analysis of arsenite transport
by these proteins.
2. Materials and methods
2.1. Bacterial strains/plasmids and primers
Primers used are listed in Table 1. The bacterial strains and plasmids used in
this study are listed in Table 2.
2.2. Growth conditions
All liquid cultures were grown at 200 rpm and 37 °C in baffled E-flasks.
Colonies on agar plates were grown over night at 37 °C. E. coli cells were
grown either in LB medium (Luria–Bertani medium) or on LA (Luria–Bertani
Agar) plates [11]. Except when fusion gene expression was desired, culture
media were supplemented with 0.2% (w/v) glucose. Antibiotics used were
kanamycin (Km, 30 μg/ml) ampicillin (Ap, 100 μg/ml) and tetracycline
(Tc, 15 μg/ml).
2.3. DNA techniques
DNA restriction and ligation, agarose gel electrophoresis, PCR and
electroporation of E. coli cells were performed according to standard procedures
[11]. Isolation of plasmid DNA from E. coli was done by CsCl density gradient
centrifugation [12] or with plasmid miniprep kits from BioRad or OMEGA Bio-
Tek. DNA sequencing was performed by MWG Biotech, Germany.
2.4. Construction of fusion plasmids
Truncated fragments of acr3 were amplified by PCR from B. subtilis 1A1
chromosomal DNA. The gene encoding Green Fluorescent Protein mut3a
(GFPmut3a) was amplified by PCR from plasmid pAD123 using the GFP_up/
GFP_down primer pair. The modified phoA gene encoding E. coli alkaline
phosphatase without the segment encoding the N-terminal export signalsequence was amplified from pPHOA using the ephoA_up/vphoA_down
primer pair. The resulting truncated acr3 fragments, the GFPmut3a fragment
and the phoA fragment respectively, were inserted into pCR®-Blunt II-TOPO®
and transformed into E. coli TOP10 selecting for kanamycin resistance. All
truncated acr3 variants were cut from the respective pCR®-Blunt II-TOPO®
derivative using NcoI and XhoI and ligated into pBAD His B digested with the
same enzymes and transformed into TOP10 cells selecting for ampicillin
resistance. The resulting plasmids were named pBAD-X where X indicates the
last codon of the truncated acr3 fragments. phoA was cut out from pTOPO-P
using XhoI and KpnI and ligated into all pBAD-X plasmids digested with the
same enzymes. The resulting plasmids were named pBAD-X-P (Table 2).
GFPmut3awas cut out from pTOPO-G using XhoI and KpnI and ligated into all
pBAD-X plasmids digested with the same enzymes. The resulting plasmids
were named pBAD-X-G (Table 2). All the constructed gene fusions in pBAD-X-
P and pBAD-X-G were confirmed by DNA sequencing using the v184up and
arsBint primers. The pBAD-X-P and pBAD-X-G plasmids and pBAD His B
were transformed into E. coli LMG194 cells which are deleted for phoA.
2.5. Analysis of alkaline phosphatase activity and GFP fluorescence
intensity
E. coli LMG194 containing pBAD His B, pBAD-X-P or pBAD-X-G
plasmids were cultured in LB with ampicillin (100 μg/ml) and gene expression
was induced at OD600∼0.7–0.8 by addition of L-arabinose to the growth
medium (optimal final concentration 0.2%). The induced cultures were
harvested after 2 h by centrifugation for 10 min at 4500 rpm in a Labor-M
bench top centrifuge (Wifug). Cells were resuspended in PhoA-buffer (10 mM
Tris/HCl, pH 8.0, 0.1 M NaCl) or GFP-buffer (50 mM Tris/HCl, pH 8.0,
200 mM NaCl, 15 mM EDTA) and the optical density of the suspensions was
adjusted to OD600=1. Two aliquots of 1 ml cell suspension were pelleted by
centrifugation and either frozen for Western blot analysis at a later time or
resuspended in 500 μl PhoA- or GFP-buffer and used for measurements. PhoA
Table 2
Bacterial strains and plasmids used in this work
Strains and plasmids Relevant characteristicsa Source or reference
Strains
Escherichia coli
TOP10 araD139 Δ(araA-leu)7697 Invitrogen
LMG194 ΔphoA Δara714 Tcr Invitrogen
Plasmids
pCR®-Blunt II-TOPO® Kmr Invitrogen
pPHOA Vector encoding E. coli phoA [52]
pAD123 Vector encoding GFPmut3A [53]
pBAD His B Apr Invitrogen
pTOPO-P pCR®-Blunt II-TOPO® containing E. coli phoA This work
pTOPO-G pCR®-Blunt II-TOPO® containing GFPmut3A This work
pBAD-38-P pBAD His B with phoA fused to codon 38 of Acr3 This work
pBAD-77-P pBAD His B with phoA fused to codon 77 of Acr3 This work
pBAD-104-P pBAD His B with phoA fused to codon 104 of Acr3 This work
pBAD-139-P pBAD His B with phoA fused to codon 139 of Acr3 This work
pBAD-149-P pBAD His B with phoA fused to codon 149 of Acr3 This work
pBAD-177-P pBAD His B with phoA fused to codon 177 of Acr3 This work
pBAD-189-P pBAD His B with phoA fused to codon 189 of Acr3 This work
pBAD-199-P pBAD His B with phoA fused to codon 199 of Acr3 This work
pBAD-204-P pBAD His B with phoA fused to codon 204 of Acr3 This work
pBAD-212-P pBAD His B with phoA fused to codon 212 of Acr3 This work
pBAD-215-P pBAD His B with phoA fused to codon 215 of Acr3 This work
pBAD-250-P pBAD His B with phoA fused to codon 250 of Acr3 This work
pBAD-252-P pBAD His B with phoA fused to codon 252 of Acr3 This work
pBAD-273-P pBAD His B with phoA fused to codon 273 of Acr3 This work
pBAD-279-P pBAD His B with phoA fused to codon 279 of Acr3 This work
pBAD-284-P pBAD His B with phoA fused to codon 284 of Acr3 This work
pBAD-307-P pBAD His B with phoA fused to codon 307 of Acr3 This work
pBAD-311-P pBAD His B with phoA fused to codon 311 of Acr3 This work
pBAD-327-P pBAD His B with phoA fused to codon 327 of Acr3 This work
pBAD-346-P pBAD His B with phoA fused to codon 346 of Acr3 This work
pBAD-38-G pBAD His B with Gfpmut3a fused to codon 38 of Acr3 This work
pBAD-77-G pBAD His B with Gfpmut3a fused to codon 77 of Acr3 This work
pBAD-104-G pBAD His B with Gfpmut3a fused to codon 104 of Acr3 This work
pBAD-139-G pBAD His B with Gfpmut3a fused to codon 139 of Acr3 This work
pBAD-149-G pBAD His B with Gfpmut3a fused to codon 149 of Acr3 This work
pBAD-177-G pBAD His B with Gfpmut3a fused to codon 177 of Acr3 This work
pBAD-189-G pBAD His B with Gfpmut3a fused to codon 189 of Acr3 This work
pBAD-199-G pBAD His B with Gfpmut3a fused to codon 199 of Acr3 This work
pBAD-204-G pBAD His B with Gfpmut3a fused to codon 204 of Acr3 This work
pBAD-212-G pBAD His B with Gfpmut3a fused to codon 212 of Acr3 This work
pBAD-215-G pBAD His B with Gfpmut3a fused to codon 215 of Acr3 This work
pBAD-240-G pBAD His B with Gfpmut3a fused to codon 240 of Acr3 This work
pBAD-250-G pBAD His B with Gfpmut3a fused to codon 250 of Acr3 This work
pBAD-252-G pBAD His B with Gfpmut3a fused to codon 252 of Acr3 This work
pBAD-273-G pBAD His B with Gfpmut3a fused to codon 273 of Acr3 This work
pBAD-279-G pBAD His B with Gfpmut3a fused to codon 279 of Acr3 This work
pBAD-284-G pBAD His B with Gfpmut3a fused to codon 284 of Acr3 This work
pBAD-296-G pBAD His B with Gfpmut3a fused to codon 296 of Acr3 This work
pBAD-307-G pBAD His B with Gfpmut3a fused to codon 307 of Acr3 This work
pBAD-311-G pBAD His B with Gfpmut3a fused to codon 311 of Acr3 This work
pBAD-327-G pBAD His B with Gfpmut3a fused to codon 327 of Acr3 This work
pBAD-346-G pBAD His B with Gfpmut3a fused to codon 346 of Acr3 This work
aApr, Kmr and Tcr indicate resistance to ampicillin, kanamycin and tetracycline, respectively.
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nitrophenyl phosphate as described previously [13]. The linear increase in
optical density at 420 nm as a function of time was recorded and PhoA activity
calculated as μmol substrate hydrolysed per minute. GFP fluorescence was
measured essentially as described [14] in a FLUOstar microtiter plate reader
(Corell 96 well plate, exitation filter 485 nm, emission 520 nm, 28 °C).
Fluorescence intensities are given in arbitrary units (A.U.).2.6. Isolation of membranes
E. coli LMG194 containing pBAD His B, pBAD-X-P or pBAD-X-G
plasmids were cultured and gene expression induced as above. Before harvest,
cells were cooled in an ice bath for 15 min. With exception of the incubation at
30 °C, isolation of membranes was then done as described in [15]. Protein
concentrations were determined using the BCA protein assay kit (Pierce) with
Table 3
Results from topology predictions of B. subtilis Acr3 using different prediction
programs
Prediction
server
Orientation Predicted
number
of
helices
N-terminus C-terminus
DAS Nda Nda 10
HMMTOP Cytoplasmic Cytoplasmic 10
MEMSAT Cytoplasmic Cytoplasmic 10
PHD Cytoplasmic Cytoplasmic 10
SOSUI Cytoplasmic Extracellular 9
TMHMM Cytoplasmic Cytoplasmic 10
TMMod Cytoplasmic Cytoplasmic 10
TMpred Cytoplasmic Extracellular 9
Top pred Cytoplasmic Extracellular 9
aNot determined.
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concentration of 175 ng/μl or diluted further as indicated. After mixing 1:1 with
2× SDS-loading buffer, 15 μl of each sample was analyzed by SDS-PAGE and
Western blot as described below. Positive controls were prepared as described
below.
2.7. Detection of fusion proteins
Frozen cell pellets were thawed on ice and resuspended in 2.5 ml PhoA- or
500 μl GFP-buffer and mixed 1:1 with 2× SDS-loading buffer and
incubated at 40 °C for 30 min. As positive controls, E. coli alkaline
phosphatase (GE Healthcare) and the soluble fraction of a cell extract from E. coli
TOP10 cells producing GFPuv from pGFPuv (Clontech laboratories) were
incubated with SDS-sample buffer at 95 °C for 5 min. 15 μl of all samples were
subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) using the Schägger and von Jagow system [16]. For Western blot, proteins
were transferred from the gel to a polyvinylidene fluoride blotting membrane
(Millipore) by wet blot as described before [17]. For detection of PhoA antigen,
rabbit antiserum against E. coli alkaline phosphatase was used as the primary
antibody [13]. GFPwas detected using a primary rabbit polyclonal antibody raised
against green fluorescent protein (Invitrogen). The secondary antibody was
horseradish-peroxidase-conjugated donkey-anti-rabbit antibody from the ECL
Western blotting analysis kit (GE Healthcare). Super Signal reagent (Pierce) and a
Kodak Image Station was used for detection of bound secondary antibody.
2.8. Prediction methods
The amino acid sequence for B. subtilisAcr3 (GI:2635024) was downloaded
from GenBank (http://ncbi.nlm.nih.gov). The most current web-versions of ten
different topology prediction methods were used to model the topology of Acr3:
DAS (http://www.sbc.su.se/~miklos/DAS/) [18], HMMTOP (http://www.
enzim.hu/hmmtop/) [19], MEMSAT (http://bioinf.cs.ucl.ac.uk/psipred/) [20],
PHD (http://cubic.bioc.columbia.edu/predictprotein/predictprotein.html) [21],
SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/sosuiframe0.html) [22], TMHMM
(http://www.cbs.dtu.dk/services/TMHMM-2.0/) [23], TMMod (http://liao.cis.
udel.edu/website/servers/TMMOD/scripts/frame.php?p=description) [24],
TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) [25],
Toppred (http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html) [26]. All
methods were used in single sequence mode and all user adjustable parameters
were left at their default values. Modelling with constraints was done using
HMMTOP [19] or TMHMMFix (http://www.sbc.su.se/~melen/TMHMMfix/)
[27]. Modelling of aligned sequences was done using HMMTOP [19].
Modelling of the distance of sequence segments to the membrane centre was
done with Z-pred (http://www.cbr.su.se/zpred/) using default settings [28]. The
amino acid sequences of the five additional documented and putative Acr3
family transporters were downloaded from GenBank; Saccharomyces cerevisiae
(GI:2498103), Mycobacterium tuberculosis H37Rv (GI:15609780), Strepto-
myces coelicolor A3(2) (GI:6900906), Haemophilus influenzae R2846
(GI:53732906) and Nostoc punctiforme PCC 73102 (GI:23126620). Alignment
was done with the MEGA 3.1 software using the Blosum protein weight matrix
with default settings [29].
3. Results
3.1. Topology modelling of B. subtilis Acr3
The topology of Acr3 was modelled using nine different
prediction methods. All modelling programs predicted the
amino terminus to have a cytoplasmic location (Table 3) and
displayed only very slight variations for the first 300 amino acid
residues. This segment was predicted by all methods to contain
eight TM helices. For the last 46 residues, however, the
modelling programs gave different results. Six modelling
programs predicted 2 TM segments and an overall topology
with 10 TM helices (Fig. 1A). In contrast, three programspredicted one TM segment and a large cytoplasmic loop in the
last 46 residues, resulting in a 9 TM helix topology (Fig. 1B). In
topology modelling, different prediction algorithms give
differences in starting- and end points for predicted TM
segments depending on e.g. the hydrophobicity scales,
structural states etc. that are used in the calculations [18–26].
Due to these differences, if several prediction programs are
used, the modelling results must somehow be compiled to serve
as a basis for experimental design. Compilation can be done for
each helix by taking the average predicted starting point and
average predicted end point from prediction models which give
overlapping results. The resulting “consensus helices” are then
taken to represent the trans-membrane segments. It should be
noted that the actual helices spanning the membrane may
deviate significantly from the consensus helices if overlap in the
predictions is low.
By comparing the results from the topology predictions of
Acr3 we obtained 8 consensus helices in the first 300 amino
acid residues and one or two consensus helices in the last 46
amino acid residues assuming a 9 or 10 helix topology
respectively (Fig. 1A and B). The consensus helices were
between 20 and 24 amino acids in length (Table 4). On the
basis of these results we selected points in Acr3 to be analysed
by translational fusions both with PhoA and GFP. PhoA
contains two disulfide bonds which are essential for the
activity of the enzyme. The rationale behind using PhoA as a
probe of membrane protein topology is that the disulfide bond
only forms if the PhoA part of the fusion protein is exported
into the periplasm [30,31]. Hence, PhoA fusion points in loops
located on the extracellular side of the membrane will display
alkaline phosphatase activity whereas cytoplasmic fusion
points will not. GFP has recently been demonstrated to
function as an efficient reporter for cytoplasmic location in
membrane protein topology studies in E. coli as it is only
fluorescent when present on the cytoplasmic side of the
membrane [10,32–34]. The use of both reporters in our
experiment would thus provide complementary data for each
fusion point. The fusion sites were chosen towards the ends of
predicted cytoplasmic and extracellular loops and were all
Fig. 1. Predicted alternative topologies for B. subtilis Acr3. Initial modelling of
the transmembrane topology of Acr3 resulted in two different models with 10
and 9 TM helices respectively. (A) In the 10 TM model all loops are relatively
short. The longest loop, between helices 6 and 7, is 26 amino acid residues long.
(B) The topology of the nine helix model is identical to the 10 TM model for the
first 300 amino acid residues. In the last 46 amino acid residues, however, it has
only one TM helix and a 34 residue long intracellular loop between helices 8 and
9. (C) Constrained modelling resulted in an 8 helix topology when fusion points
177 and 240 were set to cytoplasmic locations. A striking difference in the 8 TM
model is the presence of a cytoplasmic loop of 21 to 91 amino acid residues
(depending on which constraints were used). Note that the figure is not drawn to
scale.
967E.K.J. Aaltonen, M. Silow / Biochimica et Biophysica Acta 1778 (2008) 963–973constructed to minimize disturbance of the K+R bias [35]. For
simplicity we will refer in the following text to the produced
fusion proteins as e.g. “variant 38-P” or “variant 38-G”, whereTable 4
Transmembrane consensus helices of B. subtilis Acr3 predicted by different
methods
Helix
no.
Length
(a.a.)
Average
starting
point
Average
end point
Sequence
H1 21 11 (±2) 31 (±2) LTIWIFLAMALGIGLGFIFPS
H2 21 41 (±3) 61 (±2) VGTTSIPLAIGLVLMMYPPLA
H3 24 78 (±3) 100 (±2) LILSLVQNWIIGPTLMFILAIIFL
H4 20 107 (±2) 126 (±2) YMIGLIMIGLARCIAMVIVW
H5 22 142 (±5) 163 (±2) AFNSIFQMLFFSVYAYIFVTVT
H6 21 180 (±5) 200 (±4) EVAKSVFIYLGVPFIAGMVTR
H7 20 220 (±3) 239 (±3) ISPITLIALLFTIIVMFSLK
H8 22 251 (±3) 272 (±2) VRVAIPLLIYFVLMFFVSFFLG
H9 a 21 a 300 (±4) a 320 (±5) a VAVGVFGIHSGAAFAAVIGPLa
H9 b 22 b 285 (±2) b 306 (±1) b LAFTAGSNNFELAIAVAVGVFG b
H10 b 24 b 311 (±1) b 334 (±3) b AAFAAVIGPLVEVPVMIALVKVALb
The standard deviations of the starting points and end points are given in
parenthesis.
a Consensus helix for a 9 helix topology.
b Consensus helix for a 10 helix topology.38 is the number of the C-terminal amino acid residue in Acr3
which is fused to the reporter in the produced fusion protein. P
and G correspond to PhoA and GFP respectively.
3.2. Analysis of fusion points in the predicted first eight TM
segments
All prediction programs suggested the first 300 amino acid
residues of Acr3 to form eight TM segments with a
cytoplasmic location of the N-terminus. To test this experi-
mentally we made 23 complementary fusion constructs with
PhoA and GFP and one fusion construct with only GFP (the
PhoA variant for fusion point 240 was not obtained) at 12
points in the sequence of Acr3. The fusion points were at
amino acid residues 38, 77, 104, 139, 177, 215, 240, 250, 252,
273, 279 and 284. The analysis of the reporter protein signals
showed that variants 38-P, 104-P, 250-P and 252-P displayed
high PhoA activities with concomitant low signals from 38-G,
104-G, 250-G and 252-G (Fig. 2). This suggests that all these
four fusion points are located on the extracellular side of the
plasma membrane. Variants 77-G, 139-G, 177-G, and 215-G
displayed higher GFP emission intensity relative to the
corresponding PhoA variants (Fig. 2). This suggests that
these fusion points are located in the cytoplasm. For variant
240-G a strong GFP signal was observed, suggesting a
cytoplasmic location also for this fusion point. With the
exception of the signals from 240-G and 177-G, the results of
the experimental fusion analysis support the prediction of
eight TM helices in the first 300 amino acids of Acr3. In the
experiments, the location of the N-terminus could not be
unequivocally determined as a fusion protein with a fusion
point before the first predicted TM-segment would inevitablyFig. 2. Results from activity measurements for fusions with PhoA (right panel)
and fluorescence emission measurements for fusions with GFP (left panel).
Sample “C” corresponds to cells containing empty pBAD vector. Activity data
for PhoA are averages from six experiments and emission data for GFP are
averages of nine experiments. Error bars show the standard deviations of the
experimental data. Fusion constructs 240 and 296 were not obtained with phoA
and could therefore not be measured. The fusion proteins are denoted by their
fusion points.
Fig. 3. (A) Western blot of membranes isolated from cells expressing fusion
variants 38-P and 104-P. Lane 1) negative control with membranes from cells
containing empty pBAD vector, Lane 2) positive control containing purified
PhoA, Lanes 3–5) 1:1, 1:10 and 1:100 dilutions of membranes from cells
producing fusion variant 38-P. Lanes 6–8) 1:1, 1:10 and 1:100 dilutions of
membranes from cells producing fusion variant 104-P. (B) Western blot of
membranes isolated from cells expressing fusion variants 77-G and 346-G.
Lane 1) positive control containing GFPuv, Lane 2) negative control with
membranes from cells containing empty pBAD vector, Lanes 3–5) 1:1, 1:10
and 1:100 dilutions of membranes from cells producing fusion variant 77-G.
Lanes 6–8) 1:1, 1:10 and 1:100 dilutions of membranes from cells producing
fusion variant 346-G. The size of the full length fusion protein of variant 346-
G in lanes 6–8 is indicated by the arrow.
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signals for fusion points 38 and 104 provide indirect evidence
that the N-terminus must be located in the cytoplasm since the
polypeptide chain has to traverse the membrane to reach the
extracellular side. In support of this conclusion a Western blot
analysis of membranes from cells expressing variants 38-P,
104-P and 77-G shows that these variant are indeed anchored
in the membrane (Fig. 3A and B).Fig. 4. (A) Western blot of cell samples used for measurements of alkaline phosphata
PhoA. (B) Western blot of cell samples used for measurements of GFP emission. A ce
The lanes denoted C correspond to cells containing empty pBAD vector. The fusion3.3. Analysis of fusion points aimed at discriminating between
a 9 and a 10 helix topology
To clarify the ambiguous signal from variants 177-G and
240-G and to experimentally distinguish between a nine helix
topology and a ten helix topology, a set of 9 additional fusion
constructs at 5 different points in the sequence were made
(fusion variant 296-P was not obtained). Two fusion points (307
and 311) were designed to be positive reporters for a 10 helix
topology, two fusion points (296 and 327) were designed to be
positive reporters for a nine helix topology and one fusion point
(346) was designed to reveal the location of the C-terminus. In
the 10 helix prediction model, fusion points 307 and 311 are
located in the loop between helices 9 and 10 (Fig. 1A). In the 9
helix prediction model fusion point 296 is located in the
predicted cytoplasmic loop between helices 8 and 9 and fusion
point 327 is located at the end of the predicted helix 9 (Fig. 1B).
For the 9 fusion constructs all signals except one were too weak
to be useful for model building. Fusion variant 346-G, which is
at the C-terminus of Acr3, displayed a very strong GFP signal
whereas the signal from variant 346-P was negligible (Fig. 2).
This strongly suggests that the C-terminus of Acr3 is located in
the cytoplasm.
3.4. Analysis of fusion points aimed at discriminating between
an 8 and a 10 helix topology
The experimental data from variant 346-G as well as the data
for all the other conclusive data points (38-P, 77-G, 104-P, 139-
G, 215-G, 250-P and 252-P) fit very well with a structural
model with 10 TM segments and cytoplasmic locations for the
N and C-termini as suggested by the majority of the prediction
programs. However, the signals from variants 177-G and 240-G
were not consistent with such a 10 TM topology.se activity. Purified PhoAwas included as positive controls in the lanes denoted
ll extract containing GFP was included as positive controls in lanes denoted GFP.
proteins are denoted by their fusion points.
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observed results, including that from variants 177-G and 240-G,
wemodelled the topology ofAcr3 again, nowusing the advanced
mode of HMMTOP or the prediction server TMHMMfix [27].
These prediction programs can build refined topological models
by constraining the locations of segments of the amino acid
sequence to that determined by experiments (cytosolic/extra-
cellular/intra membranous). Several combinations of constraints
(data not shown) resulted in topology models with 8 TM helices
with a cytoplasmic loop between helices 4 and 5 with a length
varying between 21 and 91 amino acids (Fig. 1C). To test the 8
TM model experimentally we designed another fourteen
translational fusion constructs (at positions 149, 159, 169, 189,
199, 204 and 212) which were evenly spaced throughout the
predicted intracellular loop. Complementary fusion constructs
were obtained for all points except fusion points 159 and 169. For
these fusion points neither the PhoAvariant nor the GFP variant
was obtained. The reporter protein signals measured for the 10
fusion variants in the putative cytoplasmic loop were, with two
exceptions, too weak to be used for model building. The
exceptions, variants 149-G and 212-G, showed moderately
strong GFP signals complemented by very low signals for
variants 149-P and 212-P. This suggests that fusion points 149
and 212 are located in the cytoplasm (Fig. 2).
3.5. Analysis of reporter protein antigen for all fusion proteins
To verify the presence of full length fusion protein we
analysed all cell extracts that had been used for measurement of
reporter protein signal by Western blot using antibodies directed
against PhoA or GFP. The Western blot analysis confirmed the
presence of PhoA and GFP antigen in all samples. In all samples
which had displayed strong reporter protein signals bands were
found that corresponded well with the expected sizes of the full
length fusion proteins (Fig. 4A and B). However, in addition to
the full length fusion proteins bands with other sizes were also
found indicating the presence of truncated variants of the fusion
proteins. This behaviour has been seen previously in transla-
tional fusion analyses [36,37] and is thought to result from
partial degradation of the fusion protein.
4. Discussion
4.1. The translational fusion method as a means to analyse
membrane protein topology
A prerequisite for the rational study of membrane protein
function is a basic understanding of the protein structure. This
type of information can be obtained by several different
techniques. The techniques that give the highest resolution
data, NMR and X-ray crystallography, are presently limited to
proteins of a relatively small size or that form well diffracting
crystals. Hence 3D structures for membrane proteins are still
scarce. To circumvent this problem, alternative techniques have
been developed which give structural information with lower
resolution. One subset of those techniques is methods that report
on membrane protein topology. Several alternative topologyanalysis techniques are available, for example N-linked
glycosylation site insertion scanning mutagenesis, protease
cleavage protection, epitope insertion scanning mutagenesis,
substituted cysteine accessibility method (SCAM) and transla-
tional fusion scanning. Of the listed techniques, N-linked
glycosylation site analysis is limited to eukaryotic systems,
protease cleavage protection is best suited for proteins with
relatively large extra membranous domains and SCAM analysis
requires the presence of a cysteine-free protein to avoid
disturbing background signal. Similar to the other techniques,
epitope insertion scanning mutagenesis and translational fusion
scanning have in common that the TM segments are silent and
hence that structural information is inferred from signals from
the extra membranous domains or loops. Following this, poor
signals are obtained when probe sites are located within the TM
segments. In the present study we have chosen to work with
translational fusion scanning. The reason for this is that
topology prediction suggests that the extra membranous regions
of Acr3 are very short and hence that the epitope insertion
scanning approach would likely produce a greater number of
ambiguous results. Moreover, our attempts to substitute the
single cysteine residue of Acr3 by site directed mutagenesis
have been fruitless due to the presence of an extremely stable
hairpin structure in the DNA upstream of the Cys codon
(TmN85 °C). The main criticism of the translational fusion
scanning method is that it is an invasive technique which may
disrupt the native protein folding [38]. Despite this, translational
fusion scanning remains a powerful technique for topology
analysis and has been shown to produce results that are in very
good agreement with both biochemical and high resolution
structural studies [39,40].
4.2. Experimental results support a 10 helix topology for Acr3
In the present investigation we have made 42 translational
fusion constructs to determine the transmembrane topology of
the arsenite transporter Acr3 (Fig. 5). Initial topology predic-
tions indicated that Acr3 would have either nine or ten TM
segments. Following this, our first fusion constructs were aimed
at discriminating between these two possibilities. Seven strong
reporter protein signals corroborated the presence of the
predicted first eight TM segments. In addition to this, we
obtained two other strong signals from the variants with fusion
points at the end of the loop following predicted TM helix H1
and at the end of the full length protein respectively. As
both these fusion proteins were anchored in the membrane
(Fig. 3A and B) this suggested that both the N-terminus and the
C-terminus are located on the cytoplasmic side of the membrane.
Consequently, Acr3 has to have an even number of TM
segments. This essentially ruled out the nine TM helix model.
Two fusion variants, 177-G and 240-G, produced ambiguous
results relative to the 10 TM model. Instead of being on the
extracellular side, the signals from these constructs suggested
that they were located in the cytoplasm. In the case of 177-G
these results could be accounted for if Acr3 had a topology with
eight TM segments and a large cytoplasmic loop of ∼90 amino
acid residues instead of the predicted 10 TM topology. To
Fig. 5. 10 transmembrane helix topological model for the B. subtilis arsenite transporter Acr3 constructed on the basis of experimental results and from modelling
including the locations of all fusion points of the study. Numbers in circles represent fusion points at which high PhoA activity was recorded. Numbers in squares
represent fusion points at which high GFP activity was seen. Numbers in hexagons represent points for which reporter activities were too weak to be used for
modelling. Underlined numbers show fusion points 177 and 240 whose GFP signals contradict the 10 TM model. The membrane spanning segments H1 through H10
in the figure correspond to the consensus helices resulting from comparison of results from prediction (Table 4).
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10 fusion variants. Of these variants only two, 149-G and 212-G,
gave significant reporter protein signals. Variant 149-G
supported the previously observed intracellular location of
loop 5 between H4 and H5 and variant 212-G confirmed the
cytoplasmic location of loop 7 between H6 and H7 (Fig. 5)
which variant 215-G had already indicated. Hence, no experi-
mental information was obtained which supported the 8 TM
model. We also attempted to find an alternative model which
could account for the signal from variant 240-G. An eight TM
model could also be obtained if fusion points 240 and 346 were
constrained to cytoplasmic locations simultaneously. However,
this model seemed highly unrealistic as it was directly contra-
dicted by several (139-G, 212-G, 215-G, 250-P and 252-P) of the
fusion protein signals. Hence, in our experiments we could not
obtain any results consistent with an eight TM model. Another
possibility is that the signals from variants 177-G and 240-G
could arise from improper folding and retention of the reporter
protein in the cytoplasm (c.f. [38]). In support of this idea we
have four pieces of evidence obtained by sequence analysis and
modelling. Firstly all topology prediction programmes converge
on the prediction of eight transmembrane helices with only short
connecting loops in the first 300 amino acids. Such consensus is
usually only seen for reliable predictions (c.f. [41]). Secondly,
we have found that the polypeptide chain segments comprising
amino acids 140–180 and 220–270 contain only a few
positively charged amino acids. K and R residues are well
known to be of great importance for correct insertion of the
polypeptide chain into the lipid bilayer [42]. Thirdly, theaccuracy of prediction of TM helices of Acr3 seems to be lower
from amino acid 142 through 240 than in other parts of the
sequence. This is reflected in larger standard deviations of the
starting points and end points of the consensus helices for H5
and H6 than for the other TM segments (Table 4, Fig. 6). Finally,
modelling of the distance to the center of the bilayer for each
amino acid residue yields a maximum distance of ∼24 Å
throughout the sequence of Acr3 with only 26 residues reaching
farther from the membrane centre than 20 Å. In the Z-pred
algorithm a distance exceeding 25 Å indicates that a residue is
outside the lipid bilayer [28]. This may suggest that the
extramembranous loops of Acr3 just barely protrude from the
lipid bilayer. Taken together, the large standard deviation of H5
and H6 in combination with the very small predicted
extramembranous domains could indicate that H5 and H6 may
be significantly longer than the 20 amino acids required to
traverse the membrane. Usually such hydrophobic mismatch
between the helix length and the thickness of the bilayer results
in a tilt of the TM helix relative to the membrane normal (c.f
[43]). The forces that stabilize the orientation of transmembrane
helices are very complex and poorly understood. Two factors
that have been shown to be important for the orientation of TM
helices, however, and which are critically dependent on the
amino acid sequence of the protein are i) interactions between
aromatic and positively charged amino acid side chains and
membrane lipid head groups [44] and ii) interhelical contacts
[45,46]. It is therefore possible that fusion variants 177-G and
240-Gwhich may contain tilted helical segments in combination
with a weak K+R signal may require the presence of a C-
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properly folded. This type of behaviour has previously been seen
for the CitS citrate transporter from Klebsiella pneumoniae
[38,39].
To conclude, our experimental data suggest that B. subtilis
Acr3 has an even number of TM helices. In the absence of
positive signals supporting an 8 TM topology, results from
modelling lead us to favour a 10 TM helix topology for Acr3
with short extracellular and cytoplasmic loops (Fig. 5).
4.3. Topological model of the Acr3 family proteins
To extend the topological model that we obtained for Acr3
we also made topology predictions for five other known or
putative arsenite transporters of the Acr3 family from M.
tuberculosis, S. cerevisiae, N. punctiforme, S. coelicolor and
H. influenzae [1,47,48], using seven prediction servers in single
sequence mode and with aligned sequences using HMMTOP
[19–24,26]. The proteins were chosen to include representatives
from all three Acr3 subgroups from Gram positive and GramFig. 6. Alignment between sequences of known or putative arsenite transporting Acr
predicted for each protein to be transmembrane by all or a majority of the modelling
shown in pink. The proteins in the alignment were chosen to include representatives fr
the alignment includes members from both Gram positive and Gram negative bact
S. cerevisiae (GI:2498103), N. punctiforme PCC 73102 (GI:23126620), S. coelicol
sequences approximately half of the proline residues are conserved. These are marked i
correspond to the cytoplasmic arsenate reductase moiety of the Acr3 family transpornegative bacteria and from fungi while minimizing sequence
similarity [49]. The results from the different modelling
programs were compared to obtain consensus helices for all
six Acr3 family proteins. The Acr3 family proteins from the
different organisms display between 24% and 74% sequence
identity. Despite these significant differences, modelling
indicates that the Acr3 family proteins all share a similar
topology (Fig. 6). The crude features of the model suggest that,
overall; loops are very short. In fact, for the B. subtilis Acr3
protein our modelling data indicate that the average loop length
is similar to that of Bacteriorhodopsin which is recognized as
having its polypeptide chain almost entirely buried in the lipid
bilayer [50]. For all Acr3 proteins the cytoplasmic loops appear
to be slightly longer than the extracellular loops. This would
seem to fit well with the function of the protein, which is to
collect arsenite in the interior of the cell and dispose of it in the
periplasm or on the extracellular side. The eukaryotic Acr3 from
yeast has in general longer loops than its bacterial counterparts.
Interestingly, almost all conserved residues including the
cysteine in position 119 (B. subtilis sequence as reference) are3 family proteins showing consensus helices H1–H10 (in grey shading) that are
programs. Standard deviations from the mean starting points and end points are
om all three Acr3 subgroups while minimizing sequence similarity [49] and thus
eria and the eukaryotic S. cerevisiae. (M. tuberculosis H37Rv (GI:15609780),
or A3(2) (GI:6900906) and H. influenzae R2846 (GI:53732906)). For all Acr3
n the figure with asterisks (*). In the alignment the 145 amino acid residues which
ter from M. tuberculosis, were omitted.
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Two exceptions, Gly132 is in an intracellular loop between H4
and H5 and Ser 309 is in an extracellular loop between H9 and
H10 in all models. Of the conserved residues 8 are prolines.
This amounts to approximately half of the total number of
prolines for all members of the alignment. Although prolines are
not at all uncommon in transmembrane helices, this may
suggest that the transmembrane helices of the Acr3 proteins are
kinked in several places [51]. The next step is now to use the
structural information obtained in the present investigation to
probe the mechanism of transport by B. subtilis Acr3.
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